The clomazone herbicide wastewater was treated using a combined technology composed of electrochemical catalytic oxidation and biological contact degradation. A new type of electrochemical reactor was fabricated and a Ti/SnO 2 electrode was chosen as the anode in electrochemical-oxidation reactor and stainless steel as the cathode. Ceramic rings loaded with SnO 2 were used as three-dimensional electrodes forming a packed bed. The operation parameters that might influence the degradation of organic contaminants in the clomazone wastewater were optimized. When the cell voltage was set at 30 V and the volume of particle electrodes was designed as two-thirds of the volume of the total reactor bed, the chemical oxygen demand (COD) removal rate could reach 82% after 120 min electrolysis, and the ratio of biochemical oxygen demand (BOD)/COD of wastewater increased from 0.12 to 0.38. After 12 h degradation with biological contact oxidation, the total COD removal rate of the combined technology reached 95%, and effluent COD was below 120 mg/L. The results demonstrated that this electrocatalytic oxidation method can be used as a pretreatment for refractory organic wastewater before biological treatment.
INTRODUCTION
Herbicides such as pretilachlor, propisochlor, butachlor, clomazone and 2,4-D butylate are indispensable chemicals in agriculture. These herbicides are normally refractory toxic organic pollutants (Sibel et al. ) and have caused serious environmental problems because of the large residues left in wastewater or the environment after they have been used. Usually, wastewater containing herbicides has a high COD (chemical oxygen demand) concentration, a malodorous or irritating odour and is hard to degrade directly by traditional biochemical treatment (Barco-Bonilla et al. ; Zapata et al. ; Wei et al. a, b) .
Various advanced oxidation processes have been used to treat refractory toxic organic pollutants (Pekakis et al. ; Zhao et al. ; Panizza & Cerisola ; Sulman et al. ) . The electrocatalytic oxidation method is an alternative method and has attracted considerable attention in wastewater treatment due to its unique advantages such as simplicity, effectiveness and ease of operation (Yang et al. ; Zhao et al. ) . However, the construction and operating cost is still an obstacle to its large-scale application (Bafana et al. ) . Increasing the electrochemical efficiency could help to shorten the electrochemical oxidation time and further reduce the processing cost (Zhu et al. ) . The efficiencies of electrochemical reactions mainly depend on the characteristics of electrodes (Feng & Li ) . SnO 2 has proved a promising electrode in electrochemical oxidation. Its preparation method and properties have been fully researched in the past 20 years (Wang et al. ) . In this study, a threedimensional packed-bed electrochemical reactor using SnO 2 as anode plates and conductive particles as cheap electrodes was developed. The treatment of wastewater containing clomazone herbicide using the electrocatalytic oxidation method with a three-dimensional packed-bed electrochemical reactor and further treatment with a biological contact oxidation system was studied. The results showed that the combined technology is cost-efficient for toxic organic removal.
MATERIAL AND METHODS

Electrochemical reactor and electrodes fabrication
A schematic diagram of the three-dimensional packed-bed electrochemical reactor is shown in Figure 1 . The reactor comprises a cylinder with a volume of 5.2 L, diameter 100 mm and height 650 mm. The Ti/SnO 2 anodes (D 130 mm) were prepared according to the sol-gel method and thermal oxidation technique (Liu et al. ) . They were placed horizontally in the reactor every 100 mm, connected to the reactor wall with a flange. The cathodes are stainless steel electrodes, the same size as the anode. Every anode and cathode had 19 small holes (D 10 mm), which were used as channels for wastewater. A DC power supply was used for electrochemical degradation studies. A waste inlet was installed at the bottom of the electrochemical reactor and effluent was removed through the overflow at the top.
Ceramic rings loaded with SnO 2 were chosen as particle electrodes and filled the space between the anode and cathode. The particle electrodes were prepared by the dip coating method (Wei et al. a) . The outer diameter, inner diameter and height of the ceramic rings were 10, 5 and 12 mm, respectively.
Biological contact oxidation reactor
A schematic diagram of the biological contact oxidation reactor is shown in Figure 2 . The reactor was rectangular with volume of 31 L and length, width and height of 340, 170 and 700 mm, respectively. The height of the carrier layer was 400 mm. The combined carrier consisted of a polyethylene framework and phenolic fibres. The water inlet was at the bottom and effluent outflow was in the top of the reactor.
Degradation of clomazone wastewater
Clomazone wastewater was collected from a herbicide factory in Harbin City, China. The COD concentration of this water was 1,980 ± 42 mg/L, the biochemical oxygen demand (BOD 5 ) concentration was 233 ± 5 mg/L, the pH value was 7.69 ± 0.01 and the conductivity was 3,230 ± 58 μS/cm.
The operational parameters of the electrochemical reactor were optimized by static experiments. After determining the parameters, the combined processes of the three-dimensional electrochemical reactor and biological contact oxidation reactor were used to treat wastewater under continuous flow experiments without recirculation.
RESULTS AND DISCUSSION
Influence of cell voltage on COD removal rate Figure 3 shows the variation of COD removal rate with cell voltage when the particle bed filled two-thirds of the reactor volume. When the cell voltage was below excitation voltage (26.8 V, calculated according to Wei et al. (a) ), the particle electrodes did not function at full capacity and the COD removal rate was only 38.5% after 3 h electrochemical oxidation. When the cell voltage was above excitation voltage, the COD removal rate was dramatically incresed to over 80%, but only increased slightly from 82 to 89% when the voltage was increased from 30 to 40 V.
Influence of particle electrodes volume on COD removal rate
The particle electrodes were the most important part of the three-dimensional electrochemical reactor, and the refractory toxic organic pollutants were mainly degraded on the surface of the particle electrodes. Figure 4 shows the variation in COD removal rate with particle electrode volume when the cell voltage was 30 V, and the particle electrode volume was a third, a half, two-thirds and the full volume of the packed bed. Obviously, the COD removal rate increased with the increasing volume of the particle electrodes. When the particle electrodes volume was below two-thirds of the packed-bed volume, COD removal was increased with electrochemical oxidation. For the other two cases of the full-filled and two-thirds-filled bed, the COD removal rate incresed up to 120 min, and continued to inrease slowly after this. This demonstrated that the volume of the particle electrodes plays an important role in the three-dimensional electrochemical reactor. Considering the cost and resistance of particle electrodes, the particle electrodes volume in the present study was set as two-thirds of the reactor volume.
Effects of electrocatalytic pretreatment of clomazone wastewater Table 1 shows the biodegradability of clomazone wastewater before and after electrocatalytic oxidation treatment. After 120 min, the ratio of BOD/COD of wastewater increased from 0.12 to 0.38, and became appropriate for the biological treatment. The results demonstrated that the electrocatalytic oxidation method can be used as a pretreatment for refractory organic wastewater.
Effects of biological contact oxidation
Although effluent from the electrocatalytic oxidation method can meet the national discharge standard for industrial wastewater, if the reaction time is prolonged, the power consumption becomes unacceptable. We chose a biological contact oxidation system to treat the effluent from the electrochemical oxidation reactor. The system was run with sewage wastewater and effluent from an electrochemical oxidation reactor for 65 days. The thickness of the biofilm was around 2 mm. Hydraulic retention time was determined as 12 h. Aeration rate was set as 0.8 m 3 /h. The combined technology was operated as continuous flow without recirculation. Figure 5 shows that the effluent COD of the electrochemical reactor was in the range of 398-439 mg/L. After 12 h degradation using the biological contact oxidation method, effluent COD was below 120 mg/L, and the total COD removal rate of the combined technology can reach 95%. Effluent COD after the biological process can meet the national discharge standard of industrial wastewater. 
